The inverse correlation between recharge rate and age of rocks probably reflects reduced primary porosity and permeability in the older volcanic rocks; the relatively steep topography in areas where older rocks are exposed may also tend to reduce infiltration. We believe that reduced permeability is the more important factor, because conductive heat flow data (discussed below) also support the inference that the older rocks are much less permeable.
Hot Springs
Hot springs in the study area discharge from rocks older than c Discharge based on chloride-flux measurements, except for Bagby Hot Spring, where discharge was measured directly. Error bars are based on the standard deviation of replicate measurements.
d 3He/ 4He ratio (R) normalized by the atmospheric ratio (Ra). Unpublished data provided by Peggy O'Brien Dickinson of Woods Hole
Oceanographic Institution.
e Combined discharge of Bigelow and Belknap Hot Springs.
major streams that originate in the Quaternary arc, in deeply in-recharge in the Quaternary arc (>1 x 10 '5 L s 4, based on an cised valleys that focus the discharge from regional groundwater estimated recharge rate of >26 x 10 '9 m s 4 (Table 1) and -4 x flow systems. The location of hot springs within a relatively 109 m 2 of Quaternary exposures in the study area). Samples narrow elevation range implies that topography is a major con-collected 15-40 km downstream from the hot-spring groups trol on thermal-water discharge. In the study area no hot springs failed to detect significant additional discharges of saline water, are found in the High Cascades. with the exception of samples from the U.S. Geological Survey
The discharge rates of hot springs in the study area (Table 2) were determined on the basis of increases in the Na and C1 loads of nearby streams [Mariner et al., 1990 ]. Recent repeated determinations in our study area allowed us to compare several solute-inventory methods and to assess the reproducibility of the results .
Total hot-spring discharge in the study area (220 + 20 L s 'l) amounts to less than 0.2% of the estimated groundwater streamfiow-gaging station on the McKenzie River east of Vida .
PATTERNS OF GROUNDWATER FLOW
The shallow nonthermal groundwater is commonly mixed cation-bicarbonate water. Concentrations of total dissolved solids reflect the copious groundwater recharge in the High Cascades, ranging from less than 100 mg L 4 in the High Cascades [e.g., Robison, 1974; Robison and Collins, 1977; Frank, 1979] . However, stable-isotope data [Ingebritsen et al., 1988 clearly indicate that these waters are of local origin. In contrast, the isotopic composition of thermal waters in the Western Cascades suggests that they were recharged at relatively high elevations. Deuterium (õD) data from waters sampled at 127 sites in and near the study area are plotted in nual air temperature would probably be sufficient to decrease the deuterium content of precipitation by 17 %o [Dansgaard, 1964; Gat, 1980] . Because the Na-C1 and Na-Ca-C1 hot springs in the Western Cascades are located at sites expected to capture regional groundwater flow from the Quaternary arc, we prefer to explain the isotopic composition of these thermal waters in terms of higher-elevation recharge during the Holocene. Relatively high 3He/•He ratios (Table 2 ) are further suggestive evidence that the thermal waters originate in areas of Quaternary volcanism, and high rates of hot-spring heat transport (discussed below) are difficult to explain in terms of local circulation.
THERMAL WATERS

Breitenbush Hot Springs and the hot springs in the McKenzie
River drainage (Bigelow, Belknap, Foley, and Terwilliger) discharge Na-Ca-C1 waters, and Austin Hot Springs discharges Na-C1 waters (Table 2) . Bagby Hot Springs discharges dilute Namixed anion waters and is also unique among the Western Cascade hot springs in that it is isolated from the Quaternary arc by major drainage divides. This location, chemical composition, and a relatively low 3He/•He ratio ( It is arguable that the Western Cascade thermal waters are In North America, thermal Na-Ca-C1 waters occur primarily in local meteoric waters, but that the isotopic composition of pre-the Salton Trough and in the Columbia embayment, which encipitation has changed significantly since they were recharged. compasses northwest Oregon and southwest Washington and This could be the case if the thermal waters were recharged in may be built on Cenozoic oceanic crust [Hamilton and 
Sources of Chloride
Mariner et al. [1980] and lngebritsen and Sorey [1985] suggested that Na-C1 and Na-Ca-C1 thermal waters of the Cascade Range obtain high concentrations of Na and C1 by circulating through rocks deposited in a marine environment. However, Conrey and Sherrod [1988] described xenoliths from the Cascade Range that appear to have lost Na and C1 during recrystallization to quartz, potassium feldspar, and illite and suggested that the source of these constituents in the thermal waters could be altered volcanic glass. Mariner et al. [ 1989] noted that Br/C1 weight ratios in the thermal waters (Table 2) The low temperature estimates yielded by the Na-K-Ca geothermometer may be due to the low Pco2 of the Na-C1 and Na-Ca-C1 waters and (or) to the elevated Ca concentrations.
Pco: in these waters is much lower than in the waters from which the geothermometer was empirically derived, and the Na-K-Ca temperature of the relatively CO:-rich Breitenbush Hot Springs waters (Pco 2 --0.01 bars) is about 70 øC higher than those estimated for the other Na-C1 and Na-Ca-C1 waters (Pco 2 ~ 0.001 bars at the anhydrite saturation temperatures). The low silica geothermometers may reflect removal of silica by precipitation at or near the spring temperatures. The rates of SO,cH20 exchange reactions are relatively slow, so the SO4-H20 temperature is more likely to reflect equilibrium attained at depth.
In Table 2 we list anhydrite saturation temperatures for the Na-C1 and Na-Ca-C1 waters, and an average of the silica and Na-K-Ca temperatures for the Na-mixed anion (Bagby) and Na- Table 2 The heat-budget analysis of lngebritsen et al. [1989, 1991] showed that sufficient heat is removed advectively from rocks younger than 7 Ma to explain the anomalous heat discharge measured on the flanks of the Cascade Range, so that a laterally extensive midcrustal heat source is not required. However, the heat-budget analysis cannot disprove the midcrustal heat-source 
Permeability Structure
Few permeability data are available for the study area, but two lines of evidence indicate that the older rocks are generally less permeable than the younger rocks. As discussed previously, groundwater recharge estimates show a rough inverse correlation between recharge rates and bedrock age (Table 1) . Also, most 100-to 200-m-deep wells in rocks younger than about 7 Ma show pervasive advective disturbance, whereas 100-to 200-m-deep wells in older rocks have dominantly conductive temperature profiles. We can assume on this basis that the bulk permeability of the older rocks is relatively low, but the existence of hot springs and of localized advective disturbances (for example, Figure 7 ) in the older rocks are direct evidence for discrete zones of high permeability.
The older rocks lose primary permeability through hydrothermal alteration. Alteration of volcanic glass to clays and zeolites severely reduces permeability, as does recrystallization of glass to higher-temperature minerals. The extent of alteration depends largely on the primary permeability, glass content, and time-temperature history of the rock. We can roughly correlate loss of permeability with age because, in the study area, rocks of a certain age are lithologically similar and share a similar timetemperature history. The abundance of ash-rich sequences such as the Breitenbush Tuff in the 17-25 Ma age interval (Table 3, Tv 3 ) is an example of lithology influencing alteration patterns on a regional scale.
Keith [ 1988] noted that tuffaceous volcanic rocks affected by high-temperature (>200 øC) alteration consist mostly of anhy- (Table 1) and hot-spring discharge rates ( Table 2) . The simulated results are highly sensitive to permeability (Figures 11 and 12) . Isotropic permeabilities 10 times lower than those listed in Table (Table 3) , fluid velocities in the thermal aquifer are ~50 m yr 'l, and thermal-aquifer residence times are a few hundred years. Rates of vertical recharge through the less permeable layers that confine the thermal aquifer are much lower, so that simulated particle velocities are as low as 0.1 m yr 'l, and total residence times exceed 10,000 years. The addition of localized conduits for deep recharge (Figures 18b, 18d, and 19b) reduces total residence times to less than 1000 years. If our interpretation of the stable-isotope data is correct, recharge to thermal aquifers must occur through discrete zones with relatively high vertical permeability. Such vertical conduits might be created by intrusions or by normal faulting. The actual thermal structure is probably more complex than either of the models discussed in this report. Careful comparison with other, better-explored arcs may prove fruitful. A comparison of length-normalized heat-discharge rates and resource estimates for the Taupo volcanic zone and central Oregon suggests that published resource estimates for central Oregon are overly optimistic.
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